Background: Statins, drugs used to treat dyslipidemia, may have anticancer properties. We have evaluated lymphoma risk associated with regular statin use in an international case-control study.
Introduction
Statin-class drugs (i.e., lovastatin, simvastatin, atorvastatin, fluvastatin, pravastatin, cerivastatin, and rosuvastatin) were first marketed in 1987 and are now widely used for the treatment of hypercholesterolemia and for prevention of ischemic heart disease in high-risk patients. Statins reduce cholesterol synthesis in the liver through the inhibition of 3-hydroxy-3-methylglutaryl CoA reductase and the blockade of the mevalonate pathway. The use of statins has experienced an average 36% annual increase in Europe during the period of 1997 to 2002, and they are now among the best-selling drugs in Western countries (1) . Statins are generally well tolerated but may cause potentially serious side effects, such as liver dysfunction and rhabdomyolysis (2) .
During preclinical and clinical development of statin-class drugs, animal studies showed an increased risk of cancer in rodents exposed to statins at doses similar to those used in humans (3) . This raised an initial concern on the human carcinogenicity of statins. Interestingly, the commonly used statin pravastatin caused malignant lymphomas in mice at doses that ranged from 0.5-to 5-fold the maximum recommended dose for humans (3) . In addition, subjects expressing the glucose-6-phosphate dehydrogenase-deficient phenotype, a genetic condition leading to reduced availability of NADPH required for 3-hydroxy-3-methylglutaryl CoA reductase activity and therefore to decreased cholesterol synthesis, were found to have an increase in deaths from malignant lymphoma (4) .
Two randomized clinical trials in humans have subsequently found a suggestion of an increased incidence of cancer among subjects treated with statins. In the Cholesterol and Recurrent Events Trial, breast cancer was more common among users of pravastatin (1 case among placebo receivers and 12 cases among pravastatin receivers; P = 0.002), but there were no significant differences among lymphoma and leukemia incidence (10 cases in the placebo group and 8 in pravastatin group (5). In the Prospective Study of Pravastatin in the Elderly at Risk study, a significant 25% increase in the incidence of any cancer was observed (6) .
However, most studies in humans have not found an increased risk of cancer in statin users, and some even suggest a decreased risk. Three reviews of the major published statin clinical trials (7) (8) (9) showed no modification of the risk of cancer, although the follow-up was short (3-5 years). The 10-year follow-up of the Scandinavian Simvastatin Survival Study showed a nonsignificant 20% decreased risk of cancer among those originally enrolled in the simvastatin arm of the randomized trial (10) . A recent case-control study conducted in Israel found a significantly reduced risk of colorectal cancer among subjects that had used statins during at least 5 years (11) . Some studies have assessed the relation of statins with lymphoma risk. A population-based cohort study showed a significant 14% reduction in the incidence of any cancer among users of statins and a nonsignificant 12% reduction in the risk of lymphatic and hematopoietic cancers (12) . A population-based case-control study found a suggestion of a decreased risk for several subtypes of lymphoma among users of any cholesterol-lowering drug (13) . Finally, one populationbased case-control study found an overall 50% decreased risk of non-Hodgkin's lymphoma among users of statins, although the association did not exist for long-term users of statins (14) .
In western countries, lymphomas are, as a whole, the third most common malignancy in women and the fifth in men (15) . Alterations in immune competence and some viral infections are strongly related with an increased risk of lymphoma, but information on other risk factors is scarce, and most cases have no known cause.
To study the possible relation of chronic statin use with the risk of lymphoma, we have used the data of an international case-control study designed to assess the effect of several putative risk factors for lymphomas.
Materials and Methods
The EPILYMPH multicenter case-control study was carried out in 6 countries and 22 centers (6 centers in Germany, 2 in Italy, 4 in Spain, 6 in Ireland, 3 in France, and 1 in Czech Republic) from 1998 to 2004. A common core protocol and interview were used in all countries. The study includes 2,362 incident lymphoma cases and 2,465 controls.
Cases were defined as all consecutive patients having a first diagnosis of lymphoid malignancy during the study period in the participating hospitals. The diagnosis of lymphoma was verified by histology, and 99% of them were supplemented by immunohistochemistry tests and flow cytometry. Cases were categorized according to the WHO Classification for Neoplastic Diseases of the Lymphoid Tissues and included all B-cell, T-cell, and natural killer cell neoplasms as well as Hodgkin's lymphoma (16) . Subjects with a diagnosis of uncertain malignant potential, such as post-transplant lymphoproliferative disorder or monoclonal gammapathies of undetermined significance, were excluded. The distribution of the 2,362 cases by major histology entities was 1,858 B-cell lymphomas (including 281 multiple myelomas, 410 chronic lymphocytic leukemias, 493 diffuse large B-cell lymphomas, 251 follicular lymphomas, and 423 other and unspecified hystologies), 136 T-cell lymphomas, 289 Hodgkin's lymphomas, and 79 other and unspecified lymphomas.
Controls were identified at the time of diagnosis of the cases and were sampled from the general population based on census lists in Italy and Germany. In the other countries, controls were recruited from the same hospital as the cases. In all instances, controls were frequency matched to the cases by age (F5 years), gender, and study center. In hospital-based studies, controls were excluded if the main reason for the hospitalization at the time of recruitment was cancer, organ transplant, and/or systemic infection.
Informed consent was obtained from all subjects before enrollment, and the Institutional Review Boards of participating centers approved the study. Overall participation rate was 87% for cases and 68% for controls. Refusal to participate ranged from 7% to 18% among cases, 34% to 56% among population controls, and 4% to 40% among hospital controls.
Standardized interviews were conducted by trained personnel to collect data on sociodemographic characteristics, lifetime medical history of common diseases, family history of cancer and genetic diseases, smoking, alcohol, lifetime X-ray exposure, regular use of medication, UV light exposure, and lifetime occupational history.
A wide range of admission diagnoses for hospital controls were included in the study, and some of them may lead to higher use of statins than what would be expected in the general population. To deal with this potential limitation, two groups of hospital controls were a priori defined based on their probability of being statin users. A ''high-probability'' group (group 1) consisted of control subjects whose admission diagnoses were either directly related to the use of lipidlowering drugs (i.e., hyperlipidemia and coronary heart disease), were a risk factor for coronary heart disease (i.e., metabolic syndrome: obesity, diabetes mellitus, and hypertension), or were related to gall bladder stones. A ''similarto-general-population'' group (group 2) included controls whose admission diagnoses were deemed unrelated to the use of statins and other hypolipemiants. Control group 1 was excluded from analysis unless otherwise specified (n = 259). Thus, of the 2,455 initial controls, 1,046 were population based, and 1,419 were hospital based. Of the later, 1,160 had admission diagnoses unrelated to statin use. Questionnaire information on lifetime drug consumption was available for cases and controls. Chronic use was defined as usage once per week for a year or more. Participants in the study reported a total of 9,809 separate instances of medication use. These were manually recoded into active principles of interest by a clinical pharmacologist who was unaware of the case/control status of the subjects. Among all drugs reported in the questionnaire, 269 were lipid-lowering drugs, and these were divided into statins and other lipid-lowering drugs. Statins were further coded as pravastatin and other statins. Statin use is likely to be associated to nonsteroidal anti-inflammatory drug use (i.e., aspirin) because both are commonly prescribed to patients with cardiovascular disease. It is well known that aspirin use is protective for several cancers. To adjust for potential confounding, a variable indicating whether the subject had ever been a regular user of any nonsteroidal anti-inflammatory drug, including aspirin, was created.
Unconditional logistic regression was used to estimate odds ratios (OR) and 95% confidence intervals (95% CI) as the measure of association between specific variables and the occurrence of lymphoma. All models were adjusted for age (in quintiles), gender, and center. Duration of statin use was categorized based on the tertiles of years of statin use among the controls. P linear trend for statin exposure was computed excluding the nonuser category to assess the trend only among exposed subjects. Subjects who had smoked al least one cigarette a day for at least 6 months were considered regular smokers. To adjust for potential socioeconomic confounding, an education variable with three levels (i.e., low, medium, and high) was used.
The data were analyzed using Stata 8.2 Special Edition.
Results Table 1 summarizes the sociodemographic characteristics of our study population. No statistically significant differences were seen among cases and controls for these variables. Statin drugs had been regularly used by 3.1% of the cases and 5.4% of controls (11.6% of group 1 controls, 4.3% of group 2 controls, and 5.2% of population controls). Although the abovementioned hospital control group 1 had a higher prevalence of statin use than population-based control group (P < 0.0001), prevalence of statin use was similar among hospital control group 2 and population-based controls (P = 0.84). When control group 1 was included in the analysis, statin use was also associated with a decreased risk of lymphoma (OR, 0.55; 95% CI, 0.41-0.73). Figure 1 shows the risk of lymphoma among users of statins by type of study and country, using population-based and non -statin-related controls (group 2) only. Statin use was inversely associated with risk of lymphoma both among population and hospital-based studies (OR, 0.53; 95% CI, 0.33-0.85 and OR, 0.72; 95% CI, 0.48-1.09, respectively). There was heterogeneity among countries for the effect of statins on lymphoma risk (P heterogeneity = 0.03). The heterogeneity was not due to a different pattern between centers but rather to a different magnitude of the inverse association. A sensitivity analysis, excluding countries one by one, provided consistent evidence of a decreased risk of lymphoma in statin users (OR, 0.55-0.68, P < 0.05 for all). 
Discussion
In our study, statin use was associated with a reduced risk of lymphoma, with a similar reduction for all major histologic subtypes. Pravastatin, which was related to an increased risk of lymphoma in mice when given at low doses, was also associated with a reduced risk of lymphoma in this study. Adjustment for smoking and nonsteroidal anti-inflammatory drug use did not alter these risk estimates. Use of other lipidlowering drugs (such as fibrates) was not associated with a significantly decreased risk of lymphoma. There were no significant differences in risk estimates between studies using hospital controls and population-based controls.
An association of statin drugs with cancer has been identified in several previous studies in in vivo models. Newman et al. reported several malignant neoplasias associated with the use of statins in animal studies before 1994 (3). Hepatocellular carcinomas, lymphomas, and thyroid carcinomas seemed more frequently among statin-treated animals. Additionally, a variety of benign proliferative lesions were also seen in rodents: pulmonary adenomas, stomach papillomas, hepatocellular adenomas, Harderian gland adenomas, and thyroid adenomas. The authors concluded that these drugs should be used with caution and that only patients at high short-term risk of coronary heart disease should have statins prescribed, as no evidence was available on the long-term riskbenefit balance for patients at low risk of coronary heart disease. However, 17 years after the first statins were marketed, neither a strong evidence of an increased risk of cancer among statin users nor a plausible biological explanation for their putative carcinogenicity have been proposed.
There was particular interest in the assessment of breast cancer risk among users of statins, as some studies had found a moderate increase in the incidence of this cancer (17, 18) . Subsequent studies have not confirmed this increased risk (12) , and some have even suggested a decreased risk of breast cancer among exposed women (19) . On the other hand, there is growing experimental evidence of a number of pleiotropic effects of statins that have raised interest in using them as chemopreventive drugs in cancer intervention trials. Different *Basic model includes matching variables age (quintiles), gender, and country. cGroup 1 includes hospital controls whose admission diagnoses were directly related to the use of statins (hypercholesterolemia, dyslipidemia, and coronary heart disease), risk factors for coronary heart disease (i.e., metabolic syndrome obesity, diabetes mellitus, and hypertension), and gallstones. (1) 14 (1) pathways by which statins could reduce cancer risk have been suggested and seem to involve blockade of the mevalonate pathway and the subsequent lack of posttranscriptional modification of apoptosis-inducing proteins, such as Bcl-2, Mcl-1, and nuclear factor-nB among others (20) . This process ultimately favors apoptosis of cancer cells (21) . These mechanisms have been specifically linked to apoptosis in multiple myeloma and other B-cell lymphomas (22) (23) (24) . For other neoplasms, alternative mechanisms of statin anticancer activity have been suggested, involving inflammation or immunomodulation.
The EPILYMPH Study has several strengths: transnational setting, very large sample size, high-quality exposure and pathology assessment, and expert drug use evaluation. Nevertheless, our analysis has also several potential shortcomings. Hospital-based studies evaluating the effect of drugs on the risk of a given disease might be especially susceptible to selection bias. Controls drawn from a hospital may be on the average less healthy individuals than population controls and thus more prone to be regular drug users. Therefore, risk estimates from such studies may overestimate the protective effect of drugs and underestimate any increased risks associated to drug use. Our study included controls enrolled from hospitals (in Spain, France, Ireland, and Czech Republic) and from the general population (in Germany and Italy). We used population-based controls as the reference group in the estimation of the actual prevalence of lipid-lowering drug use in our population study base. The 5.1% prevalence of statin use among population controls was similar to that reported by other comparable studies (12, 17, 19) . Our primary analysis only included controls with admission diagnoses unrelated to statin use and from population-based studies because prevalence of statin use was higher in the a priori defined hospital control group 1. There were relatively few controls included in group 1 (n = 259) compared with group 2 (n = 1,143) or the population-based controls (n = 1,046), and their exclusion did not affect either the precision of the risk estimates nor their value.
Lymphoma risk reductions associated with statin use showed significant heterogeneity across countries. However, a formal sensitivity analysis, excluding countries one by one, showed consistently statistically significant decreased risks for lymphoma in statin users (OR, 0.55-0.68). The Italian and Czech substudies were different from the rest of studies (i.e., the inverse association was stronger in these two countries). The overall risk of lymphoma for statin users was 0.76 (95% CI, 0.54-1.07) if both countries were excluded from the analysis. No differences in gender or age distribution existed between these two countries and the other four countries, and they did not use the same source of controls (Italians used populationbased controls and Czechs hospital based). Despite heterogeneity, a protective effect of statin use was detected in all countries. The explanation for the observed heterogeneity, thus, remains unclear but could be related to different patterns in statin prescription among countries, genetic background of the population, and random variation because of small numbers in individual studies.
Recall bias is another potential threat to the validity of casecontrol study results. In our study, however, we do not expect it to differentially affect cases and controls, as patients are unlikely to relate lipid-lowering therapy to lymphoma risk. Moreover, the use of hospital controls greatly reduces the differences in recall, as both cases and controls are interviewed in similar conditions (i.e., when admitted to a hospital (25) . In addition, statins are used on a chronic basis and most patients are not likely to suspend them once they have started the therapy, as cholesterol levels would rapidly increase to pretreatment levels. This is shown by the fact that only nine subjects were past users of statins. Recall bias is probably lower for drugs used on a daily basis than for drugs sporadically used or drugs suspended long time ago. However, a residual degree of misclassification cannot be completely ruled out, although it would probably tend to underestimate the observed protective effect of statin use, as cases are generally more prone to have a better recall, especially in population-based studies (25) .
Bias due to an increased probability of hypercholesterolemia diagnosis, and statin treatment, because of medical consultation due to undiagnosed lymphoma (for cases) or to the condition that will ultimately lead to hospital admission (for controls) is possible in this kind of studies. To account for this bias, we did an alternative analysis, excluding drug use that took place during the year before the enrollment in the study and lymphoma risk estimates for statin users that were similar (OR, 0.64; 95% CI, 0.46-0.90). If hypercholesterolemia was independently protective for lymphoma, confounding by indication could explain our findings. We have not been able to assess the risk of lymphoma in relation to cholesterol levels in our study, but no published evidence exists supporting this hypothesis. It could also be speculated that statin use could be a marker of an underlying genetic trait that would reduce the risk of lymphoma and increase the probability of being treated with statins. Although this scenario is theoretically possible, it is an unlikely explanation because of the convincing biological evidence linking statins to a reduced lymphoma risk by promotion of antiapoptotic activities or other anti-inflammatory-related mechanisms (20) (21) (22) (23) (24) .
In conclusion, statin use was associated with an important reduction in lymphoma risk, adding to the growing evidence of anticancer properties of statin drugs. These results are reassuring for the increasing number of patients taking statins on a regular basis, but replication is needed before clinical implications can be drawn.
